Modelling simulations of palaeoclimate and past vegetation form and function can contribute to global change research by constraining predictions of potential earth system responses to future warming, and by providing useful insights into the ecophysiological tolerances and threshold responses of plants to varying degrees of atmospheric change. We contrasted HadCM3LC simulations of Amazonian forest at the last glacial maximum (LGM; 21 kyr ago) and a Younger Dryas-like period (13-12 kyr ago) with predicted responses of future warming to provide estimates of the climatic limits under which the Amazon forest remains relatively stable. Our simulations indicate that despite lower atmospheric CO 2 concentrations and increased aridity during the LGM, Amazonia remains mostly forested, and that the cooling climate of the Younger Dryas-like period in fact causes a trend toward increased above-ground carbon balance relative to today. The vegetation feedbacks responsible for maintaining forest integrity in past climates (i.e. decreased evapotranspiration and reduced plant respiration) cannot be maintained into the future. Although elevated atmospheric CO 2 contributes to a positive enhancement of plant carbon and water balance, decreased stomatal conductance and increased plant and soil respiration cause a positive feedback that amplifies localized drying and climate warming. We speculate that the Amazonian forest is currently near its critical resiliency threshold, and that even minor climate warming may be sufficient to promote deleterious feedbacks on forest integrity.
INTRODUCTION
The maximum extent to which the Amazonian forest can be developed for human industry without compromise of rainforest form and function is an issue of much importance and controversy (Nobre et al. 1991; Fearnside 2000; Laurance et al. 2001; Malhi 2002) . Not only does the Amazon forest harbour a great proportion of the world's biological diversity, but perturbations to forest cover can have far-reaching regional and global climate consequences (Cox et al. 1999; Douville et al. 2000; Pielke et al. 2002) . The role of vegetation in mediating the exchange of water and carbon between the biosphere and atmosphere is accentuated in the Amazon Basin, primarily owing to its size and high productivity (Richards 1996) . Being able to predict the potential fate of the Amazonian rainforest with continued deforestation and potential future warming requires a deepened understanding of the ecophysiological and biophysical responses of tropical rainforests to both natural and anthropogenically induced environmental change.
Predictions of the range of possible responses of tropical rainforest to future scenarios of rising atmospheric CO 2 and global warming can be made using GCMs (Costa & Foley 2000; Cox et al. 2000; Levis et al. 2000; Zhang et al. 2001) . Additionally, GCM simulations of past climates and palaeoplant distributions have much to offer (Prentice et al. , 2000 de Noblet-Ducoudri et al. 2000; Harrison & Prentice 2003) . Palaeomodelling research provides opportunities for model validations, for constraining our predictions of potential earth system responses to future warming, and for offering unique insights into the ecophysiological tolerances and threshold responses of tropical forests to varying degrees of atmospheric change.
Vegetation-climate interactions occur over a broad range of spatio-temporal scales, with first principal mechanisms centred on plant carbon and water balance. How vegetation is affected by environmental stimuli can be viewed as a continuum from smaller-scale responses in plant structure such as leaf-area production, to largerscale modifications of vegetation composition such as species replacements. Being able to identify when a particular climatic catalyst, or combination of catalysts, is likely to cause a shift in vegetation response from simple effects on plant carbon balance to vegetation dieback is of the utmost concern to ecologists and other interested researchers.
Our objectives in conducting vegetation-climate simulations using the fully coupled earth system model, HadCM3LC, were threefold. (i) To simulate the response of Amazonian forest to past changes in climate such as for long-term cooling during the LGM (21 kyr ago) and for short-term (abrupt) cooling during the YD (12.7-11.6 kyr ago). (ii) To provide an estimate of the climatic limits under which the Amazon Basin has remained predominantly forested. (iii) To investigate under what climatic and biophysical conditions the Amazonian forest becomes destabilized.
Since the HadCM3LC model does not distinguish between evergreen and deciduous (broadleaf) trees, 'forest' will be used loosely to refer to both tropical seasonal (dry) and rainforest types. Simulations of the Mid-Holocene climatic optimum are currently being conducted and interpreted by another Hadley-associated laboratory (P. Valdes, personal communication). Therefore, we chose to simulate a YD-like climate to contrast the effects of longterm versus abrupt climate change on forest processes in the Amazon basin. Because the climatic processes responsible for producing the YD-climate anomaly are still under investigation, we recognize that our simulations are intended to investigate responses of a 'YD-like' climate anomaly. This terminology will be used throughout the paper to distinguish sustained LGM climate effects from abrupt climatic changes.
METHODS (a) HadCM3LC model
HadCM3LC couples the latest version of the Hadley oceanatmosphere GCM (HadCM3; Gordon et al. 2000) to an ocean (HadOCC; Palmer & Totterdell 2001 ) and a terrestrial (TRIFFID; Cox 2001) carbon cycle model. It uses a horizontal resolution of 2.5°latitude by 3.75°longitude, and requires the use of flux adjustments (Johns et al. 1997) . Increasing the sophistication of representation of biological processes within GCMs is the focal point of much recent climate modelling research Friedlingstein et al. 2001; Joos et al. 2001) . The latest version of the Hadley ocean carbon cycle model, for example, now contains a four-component (nutrient-phytoplanktonzooplankton-detritus) ocean ecosystem model that simulates the effects of light penetration, alkalinity and nutrient availability on biological carbon uptake (Palmer & Totterdell 2001) .
TRIFFID, the dynamic global vegetation component of the land surface scheme, MOSES (Cox et al. 1999) , simulates growth and replacement of vegetation of five functional types: broadleaf tree, needle-leaf tree, C 3 grass, C 4 grass and shrubs. Each modelled grid cell is predicted to contain a combination of functional groups, depending on: (i) climatic impacts on photosynthesis, plant respiration and leaf mortality; (ii) competition for light (i.e. taller trees outcompete shorter grasslands); (iii) competition for water (i.e. according to differences in rooting depth); and (iv) competition for carbon (i.e. shrubs outcompete trees in resource-depleted environments).
An allocation scheme determines the distribution of carbon resources into woody stem, root and leaf components, and is based on empirical allometric relationships (Cox 2001) . A hydrological budget distributes precipitation between canopy interception, throughfall, water percolation through four soil layers, and runoff. The most important terrestrial variables in modifying regional climate processes are leaf surface area (i.e. LAI;
Phil. Trans. R. Soc. Lond. B (2004) m 2 m Ϫ2 ) and stomatal conductance. LAI is estimated from a percentage of whole-plant carbon balance that is allocated to leaf production. Stomatal conductance and photosynthesis are calculated via a coupled leaf-level model (Cox et al. 1998 ).
(b) Climate scenarios and simulations
The control state of the climate system is derived from an experiment with pre-1850 boundary conditions, thus representing a climate-vegetation system defined by nonanthropogenic influence on atmospheric CO 2 (i.e. 'potential vegetation'). Atmospheric CO 2 concentration was prescribed at 286 p.p.m.v. for the pre-industrial simulation according to icecore CO 2 records. Two experiments with HadCM3LC were conducted to examine vegetation interactions with significantly different climates. The first was a simulation of the LGM, and the second an approximate representation of the climate of the YD cold period.
For the LGM simulation, atmospheric CO 2 concentration was prescribed at 200 p.p.m.v. Boundary conditions such as orbital parameters, changes in land area owing to sea-level decrease, and the extent of the ice sheets were also prescribed to be consistent with the LGM period (Hewitt et al. 2003; Jones et al. 2004) . Sea-surface temperature and salinity values from a previous LGM simulation using HadCM3 (Hewitt et al. 2003) were used to derive flux adjustments for the HadCM3LC experiment. Vegetation cover was initialized from Wilson & Henderson-Sellers (1985) and simulations were continued until vegetation reached equilibrium.
The YD is a brief cold-climate anomaly occurring mostly in the Northern Hemisphere during the last deglaciation. A pulse of fresh water (glacial melt water) into the North Atlantic is believed to have caused this anomaly via affects on the THC (Broecker et al. 1988; Bard et al. 1990; Hughen et al. 2000) . The response and stability of the THC in HadCM3 to both fresh water and anthropogenic forcing have been explored in previous studies (Thorpe et al. 2001; . These studies show that a single pulse of fresh water in the North Atlantic causes a temporary shut down of the THC and a significant cooling, not just within the region of the North Atlantic, but across most of the Northern Hemisphere. Such climate anomalies are characteristic of reconstructed YD climatology.
For our second simulation, therefore, a single pulse of fresh water was applied to the North Atlantic. Climate and vegetation responded dynamically to this forcing (i.e. the simulation experiment followed a trajectory defined by a transient system response rather than permitted to reach equilibrium). It should be noted that both atmospheric CO 2 concentration and insolation values were kept the same as for our pre-industrial control simulation; thus, this should not be viewed as a fully representative YD simulation, but rather a 'YD-like' modelling experiment.
Future climate change simulations using HadCM3LC have been reported and published elsewhere , but have been included in this paper as a point of comparison and as a focus for discussion. Future simulations were conducted using an arbitrary trajectory of atmospheric CO 2 -temperature change (IS92a). At the end of the future climate simulation (AD 2100) CO 2 concentration reaches 980 p.p.m.v. (including vegetation-climate feedbacks), with temperatures warmed by ca. 5.5°C (global mean) or 8.5°C (global mean over land) excluding localized vegetation-climate feedbacks. LGM surface temperatures in the Amazon Basin were simulated to decrease by an average of 2°C, although some regions experienced temperature cooling in the order of 10°C. YD climate forcing resulted in an average cooling of 1°C relative to pre-1850. Precipitation averaged 4.0 and 5.0 mm d Ϫ1 for LGM and YD scenarios, respectively, with YD simulations showing strong regional trends. Whereas northwest Amazonia is simulated to be drier during the YD relative to pre-1850, the southeast is wetter, rendering an overall basin average that is slightly wetter than today.
LGM climate resulted in a greater proportion of solar radiation converted into sensible relative to latent heat compared with pre-1850 (Bowen ratio = 0.32 relative to 0.30, respectively). By contrast, YD palaeoclimate simulations indicate a greater proportion of solar radiation distributed into latent versus sensible heat production (Bowen ratio = 0.25 relative to 0.30).
Modelled YD and LGM climatology are not in stark disagreement with palaeoclimate reconstructions. Alkenone data (e.g. Bard et al. 1997; Wolff et al. 1998) suggest that LGM tropical sea-surface temperatures were 3°C cooler than today, whereas CLIMAP (1976 CLIMAP ( , 1981 and our GCM-generated palaeoclimate indicate somewhat less continental cooling in the tropics, in the region of 2°C. The degree of tropical cooling is contrasted by a variety of different palaeodata sources. Coral-based (Guilderson et al. 1994) and foraminifera-based (Mix et al. 1999 ) tropical sea-surface temperature reconstructions and analyses of noble gas concentrations in Brazilian groundwater (Stute et al. 1995) show a maximum LGM tropical cooling of 5°C. Brazilian palynological data suggest a cooling of between 3 and 7°C (Behling & Negrelle 2001; Behling 2002) . Kaolinite oxygen and hydrogen isotopes in palaeosols from the Colombian Bogotá basin suggest an LGM cooling of 5-7°C (Mora & Pratt 2001 temperatures up to 12°C lower during the LGM (Thompson et al. 1995 (Thompson et al. , 1998 , although this interpretation has since been reassessed to be more in the region of 3°C (for more details see Pierrehumbert 1999) .
More comprehensive syntheses of LGM terrestrial palaeoclimate data by Farrera et al. (1999) and Harrison & Prentice (2003) conclude that tropical cooling was in fact far from spatially uniform, even in the lowlands, and therefore large-scale extrapolated interpretations based upon individual sites should be made with caution. In this case, there remain few palaeoclimate data that provide temperature information for the spatial majority of the LGM Amazon Basin.
At the present time, similar syntheses of palaeodata for the YD have yet to be compiled, although it is assumed that the spatial variability of past temperature within the tropics would be of at least a similar nature to the LGM.
Palaeodata-model comparisons aside, we recognize that most GCMs consistently underestimate LGM (and also probably YD) temperatures by at least a third (e.g. P. Valdes, personal communication). If the Hadley GCM has consistently underestimated cold-stage temperatures in the Amazon Basin, this may have implications for the interpretation of modelling results, as previous modelling studies (e.g. Cowling et al. 2001) have cited temperature as an important biophysiological control on vegetation. Results produced from this study, therefore, should be considered conservative estimates of environmental change.
Comparison between modelled and reconstructed precipitation is particularly difficult because of the inherent limitations in reconstructing highly spatial variables such as rainfall across such large and diverse watersheds such as the Amazon Basin. Palaeoreconstructions of Amazon River discharge and lake levels support a general reduction in total precipitation as modelled here for the LGM (V. J. Ettwein, unpublished data; Mayle et al. 2000; . Palaeoecological studies from within the Basin also imply more arid LGM conditions (e.g. Behling 2002; Behling et al. 2002; Sifeddine et al. 2003; Vélez et al. 2003) . By contrast, records from northwest Amazonia (Bush et al. 2002) and the Peruvian/Bolivian Altiplano (Baker et al. 2001a,b) imply wetter conditions at the LGM.
For the YD, lake and ice-core evidence from northern and northwest Amazonia and the Peruvian/Bolivian Altiplano suggest a wetter climate (e.g. Thompson et al. 1998; Sylvestre et al. 1999; Baker et al. 2001a,b; Ledru et al. 2001; Bush et al. 2002; Sifeddine et al. 2003) . However, pollen data from sites in southern and southeast Brazil (e.g. Ledru 1993; Behling & Lichte 1996; Behling 2002) , as well as larger-scale palaeoreconstructions from the Amazon Fan (V. J. Ettwein, unpublished data; Maslin & Burns 2000) and the Cariaco Basin (Haug et al. 2001) suggest increased aridity, in opposition to model simulations. For a more comprehensive review of the palaeodata, see Mayle at al. (2004) .
Although our Hadley GCM-generated YD-like palaeoclimate displays similar regional trends in precipitation to palaeodata reconstructions, this variability is in an opposing direction. The apparent contradiction between modelled and data-reconstructed YD palaeoprecipitation may demonstrate the importance of tropical insolation in driving convectional (i.e. the ITCZ) precipitation over the Amazon Basin. Our YD-like modelling simulation incorporates pre-industrial insolation values that are relatively out-of-phase with the YD by approximately half a precessional cycle, and would therefore simulate a more southerly zone of ITCZ-driven precipitation over the Basin relative to that implied by the palaeodata.
(b) Persistence of the Amazonian rainforest to past changes in climate Scarcity of Amazonian palaeovegetation proxy data spanning the last glacial is to blame for over three decades of controversy concerning the integrity of the Amazon rainforest during Pleistocene climate cycles (Colinvaux et al. 2000 (Colinvaux et al. , 2001 . In connection with early theories on the origin of high diversity and high endemism in the neotropics, it was once assumed that the Amazonian rainforest disintegrated into small, isolated patches of forest because of (arid-induced) replacement of forest with grassland (Haffer's Forest Refugia Hypothesis; Haffer 1969; Haffer & Prance 2001) .
The presence of forest patches ('refugia') in the Amazon Basin during glacial-interglacial cycles is no longer an issue of contention (Colinvaux et al. 2000 (Colinvaux et al. , 2001 . A growing number of pollen data indicate the presence of forest across the majority of the lowland basin (Colinvaux et al. 1996; Haberle & Maslin 1999; Mayle et al. 2000; De Freitas et al. 2001; Bush et al. 2002) . Earlier simulations using biophysical dynamic vegetation models, BIOME3 (Cowling et al. 2001) of Amazonian forest over Pleistocene climate cycles. It is only in the marginal areas near the outer boundaries of rainforest (i.e. forest-grassland ecotones) that grassland is simulated to replace tree functional types. Similarly, our simulations using HadCM3LC strongly support the claim that the Amazonian forest remained relatively intact during past cold and dry periods. Both LGM and YD-like climate simulations result in broadleaf tree types dominating much of Amazonia (figure 1). The Hadley earth system model does not distinguish between trees of evergreen and deciduous life histories, and therefore can only identify ecosystems dominated by either forest or grassland. Modelling results indicate an increase in grass dominance mostly in regions near tree-grass ecotones, but widespread proliferation of C 4 grassland within the interior of the basin is not observed (figure 2).
Understanding the degree to which palaeovegetation of the Amazon Basin responded to past changes in climate is relevant for modern-day ecological theory for several reasons. First, the Amazonian forest seems to be surprisingly resilient to relatively large changes in past climate, confirmed by our simulated LGM and YD-like climate scenarios, as well as other independent modelling (Cowling et al. 2001; Mayle et al. 2004 ) and palaeodata research (Harrison & Prentice 2003) . Rainforest resiliency to environmental change may have a strong basis in principles of plant carbon allocation, in particular, strategies that promote carbon conservation in the face of carbon-depleting environmental stresses. The resiliency of Amazonian forest to past changes in climate is relevant for a second reason, relating to the political framework of deforestation and tropical land-use change in the tropics. Many who seek to provide support for continued deforestation in the Amazon Basin cite the apparent ephemeral nature of the rainforest over geological time (see discussion, Bunyard 2002) . Their rationale follows that the forest has fragmented substantially in the past and recovered; therefore it can do so again today and Phil. Trans. R. Soc. Lond. B (2004) into the future. Such disturbing myths must be dispelled before they begin.
(c) The role of temperature cooling in promoting tropical forest resiliency The mechanism underlying tropical forest persistence in past cold periods is not intuitive, and probably lies in the combination of biophysical responses of tropical plants to decreasing temperature. Comparison of simulated carbon-based variables between the LGM and YD-like climate supports the role of cooling in maintaining Amazonian forest (table 2). LGM climate differed from pre-1850 in that it was colder, drier and under the influence of lower atmospheric CO 2 levels (200 p.p.m.v.). Although above-ground (vegetation) carbon balance decreases during the LGM, the decline is not sufficient to promote widespread forest deterioration. The YD-like climate scenario is slightly colder than pre-1850. Even though the latter scenario is simulated for only a brief period, YD-like climate actually results in an enhanced aboveground carbon budget relative to pre-1850 controls (table 2) .
Because the YD-like climate occurs over a relatively short period (with respect to the lifespan of tropical trees), areas that were dominated by grassland during the LGM remain as grassland during the YD (consistent with Mayle et al. 2000) . Those areas, however, that remained predominantly tree covered during the LGM experience an enhancement in above-ground carbon following a YD-like climate anomaly. GPP, NPP, vegetation carbon and LAI all indicate a trend toward greater carbon retention and growth of forest during the cooler YD-like period relative to pre-1850 (table 2) . This positive enhancement of above-ground carbon balance in forest vegetation following climate cooling would also have occurred in the LGM and thus may also be partly responsible for the maintenance of forest cover during glacial climate cycles.
We suggest that the trend toward increasing aboveground plant carbon in tropical regions during the YD-like cold anomaly is, in part, due to the influence of cooling on biophysical processes such as plant respiration and evapotranspiration. Cooler temperatures cause rates of evapotranspiration to decrease, thus helping to conserve carbon and water resources for plant growth and acclimatory processes. A decrease in total plant respiration (R v ) can also lead to conservation of plant carbon resources.
Plant respiration involves the loss of carbon (energy) to processes necessary in the repair and maintenance of plant tissue (called dark, maintenance or mitochondrial respiration), as well as in the competition between O 2 and CO 2 for active binding sites on Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase), a process called photorespiration. The amount of respiratory carbon allocated to tissue maintenance is related to the total amount of plant tissue requiring maintenance (i.e. total vegetation carbon, C v ; Dewar et al. 1999) . Rates of photorespiration depend on ambient atmospheric CO 2 concentrations and temperature (Brooks & Farquhar 1985) . A decrease in atmospheric CO 2 increases photorespiration, whereas temperature cooling in tropical regions causes a decrease in the rate of photorespiration.
If we assume that the proportion of plant carbon expired during maintenance respiration is related to total above-ground carbon (C v ) and that this relationship is the same across all climate scenarios, then we can estimate relative changes in the contribution of photorespiration to total plant respiration (R v ) between climate simulations. This is because photorespiration remains unaffected by changes in C v , responding only to variations in CO 2 and temperature. Under an arbitrary climate warming scenario (IS92a), Amazonian forest becomes highly unstable ; the interior of the Amazon Basin becomes essentially void of vegetation, with only a very small percentage of broadleaf cover and C 4 grass simulated at the outermost edges of the basin (figure 3). All carbon-related variables indicate symptoms of wide-scale forest dieback: NPP is less than 25% of its pre-1850 value and vegetation respiration is depressed because of dramatic reductions in above-ground biomass (2.5 relative to 13 kg C m Ϫ2 ; table 2).
A critical mechanism promoting destabilization of the Amazon Basin in the future involves vegetation feedbacks on regional climate (Sellers et al. 1996; Betts et al. 1997 Betts et al. , 2000 Betts et al. , 2004 Cox et al. 2000) . With progressively decreasing forest cover as a consequence of greater respiration under warming climate (Amthor 1991) , recycling of water in the Amazonian watershed begins to break down, contributing to lower basin-wide precipitation (1.58 relative to 4.8 mm d Ϫ1 ; table 1). Coupling between vegetation processes (mostly evapotranspiration) and watershed hydrology can be extremely tight, with some regions of the Amazon Basin returning as much as 74% of annual Phil. Trans. R. Soc. Lond. B (2004) rainfall to the atmosphere (Sommer et al. 2002) . Owing to the significant increase in the partitioning of incoming radiation into sensible versus latent heat production under future climate scenarios, surface temperatures soar, reaching, on average, 38°C (table 1) .
The contribution of vegetation feedbacks relative to CO 2 climate forcing can be evaluated by comparing predicted Amazonian climate under similar CO 2 -warming scenarios, with and without vegetation-climate feedbacks. Two competing processes involving transpiration can occur under scenarios of elevated atmospheric CO 2 . A decrease in stomatal conductance reduces transpiration; however, increased NPP leads to higher LAI that in turn results in larger surface areas available for transpiration. Comparison of factorial modelling experiments by Betts et al. (2004) indicates that the prominent effect on transpiration arises from stomatal responses (not LAI) to rising atmospheric CO 2 . The authors predict that the overall physiological effect of vegetation responses to increased CO 2 is to cause further localized drying. The likelihood that LAI effects are less important than stomatal effects under conditions of increased CO 2 is supported by a metadata analysis of the response of LAI to elevated CO 2 within a variety of tree, crop and herbaceous experimental species (Cowling & Field 2003) .
Whereas stomatal functioning probably predominates over LAI-related processes under elevated CO 2 climates, the same cannot be said for past periods of lower CO 2 . Under LGM climate scenarios, LAI has more dominant control of vegetation-climate feedbacks than physiologically based variables (Levis et al. 1999) . This contradiction serves to highlight the dynamic nature of biosphereatmosphere feedbacks.
(e) Tropical forest thresholds and atmospheric change In contrasting the modelled influence of past and future atmospheric change on features of the Amazonian forest, we establish the presence of an ecosystem-level resiliency threshold that must be exceeded under future global change. In other words, the combined strengths of positive versus negative feedbacks in past climate scenarios greatly differ from the future, in that future atmospheric change results in strong positive feedbacks promoting enhanced drying and forest dieback. It is critical that this threshold be identified and fully understood to improve our predictions of future forest integrity.
The effects of low atmospheric CO 2 on ecosystem carbon balance are partly compensated by the influence of decreases in temperature on tropical forests, such that a reasonably wide range of low CO 2 and global cooling scenarios can be experienced without the Amazonian forest becoming unstable. By contrast, despite increases in atmospheric CO 2 (which should improve vegetation carbon balance), global warming results in a progressive decline in forest productivity, which in turn leads to further warming and drying climate feedbacks. Of potential limiting environmental controls on tropical forest, precipitation (water balance) is often indicated as preeminent in defining rainforest structure and function. We speculate, however, that over the long term (i.e. temporal resolutions greater than 10 3 years) tropical forests such as the Amazon Basin are equally sensitive to high-temperature anomalies.
Defining the point (threshold) at which tropical ecosystems exceed their capacity for internal/external feedbacks compensating for the deleterious effects of warming on tropical plants (i.e. increased carbon loss due to ecosystem respiration) becomes difficult. We suggest that this threshold exists very near to current climatic (temperature) conditions. A source of supporting evidence can be found in the bulk of eddy-flux data collected to determine whether modern-day tropical forests are sources or sinks of CO 2 to or from the atmosphere (Malhi & Grace 2000; Malhi 2002; Falge et al. 2002) .
Tropical forests can switch from source to sink (and vice versa) very rapidly (i.e. less than 10°C) and under relatively minor changes in climate (Tian et al. 1998; Prentice & Lloyd 1998) . During years of El Niñ o warming, Amazonian rainforest releases a large flux of CO 2 into the atmosphere, between 0.2 and 0.7 Pg C (Tian et al. 1998) or 10-20% of average annual regional productivity (Potter et al. 2001) . Heightened tree mortality during warmer, drought-prone El Niñ o years is suggested to contribute to intra-annual fluctuations in biospheric carbon release (Williamson et al. 2000; Laurance et al. 2001) , along with enhanced respiration ( Jones et al. 2001 ) and increased fire activity (Keeling et al. 1995; Langenfelds et al. 2003) .
CONCLUSION
Our ability to make predictions about the potential fate of the Amazonian rainforest in the near and distant future is strengthened by our understanding of the processes responsible for modifying past tropical forest integrity. Although rising atmospheric CO 2 should enhance tropical ecosystem carbon balance, this gain is more than compensated for by future positive feedback interactions on carbon loss processes. Strategies for maintaining tropical forest stability in the past (i.e. low-temperature effects on evapotranspiration and plant respiration) will not be active in the future. Further research aimed at determining critical thresholds for tropical forest stability is strongly required, and could involve a combination of methods including process-based modelling and manipulation-type experiments (Kö rner 2004). S.A.C. was funded by an NERC operating grant. The contributions of R.A.B., P.M.C., C.D.J. and S.A.S. were supported by the UK Department for the Environment, Food and Regional Affairs under contract PECD 7/12/37. The authors thank Colin Prentice, Francis Mayle and Yadvinder Malhi for comments made on earlier drafts of this paper.
